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We report a new method for the measurement of quadrupole moments of radioactive nuclei which
were not accessible with other techniques until now: modulated adiabatic fast passage on oriented
nuclei (MAPON) after recoil implantation into hcp Co. Quadrupole moments of Zr and Nb isotopes
were determined which are interesting in the context of the proton and the neutron effective charge at
A , 90. [S0031-9007(97)05107-7]
PACS numbers: 21.10.Ky, 76.60.Gv, 76.80.+yElectric quadrupole moments of nuclear states are a
measure for the nonsphericity of the electric charge den-
sity, which may originate from single-particle and collec-
tive nuclear properties. Thus, measurements of electric
quadrupole moments may yield essential nuclear structure
information. The standard method for the measurement of
electric quadrupole moments of radioactive nuclei is laser
spectroscopy (LS). Until now, the application of LS has
been restricted mainly to nonrefractory elements. This
is due to the fact that at on-line mass separators—such
as ISOLDE at CERN—radioactive ion beams with high
intensity are available only for nonrefractory elements.
For only selected systems, laser desorption of daughter
isotopes—which are not available in a primary beam—
has been applied successfully; see, e.g., Ref. [1]. In re-
cent years, diverse attempts have been started to improve
the intensities of refractory elements at mass separators,
such as the use of He-jet systems after nuclear reactions
[2] or the development of on-line laser ion sources [3].
However, the intensities as obtained until now are still
relatively small. Therefore another method would be de-
sirable, with which quadrupole moments of radioactive
nuclei can be measured, independent of the fact whether
or not these are refractory. Here we introduce such a
method, which is applicable to all elements throughout
the nuclear chart: modulated adiabatic fast passage on
oriented nuclei (MAPON) after recoil implantation into
hcp-Co single crystals. The MAPON technique was in-
troduced by Callaghan et al. [4,5]. It allows the de-
termination of quadrupole splittings which are small in
comparison to the magnetic inhomogeneous broadening.
The power of the MAPON technique has not been rec-
ognized for long. This is due to the fact that mostly4 0031-9007y98y80(5)y924(4)$15.00polycrystalline Fe had been used as host lattice for
MAPON measurements. Because of the cubic symme-
try the quadrupole interaction—it originates from an un-
quenched orbital momentum—is small. In addition, it
is inhomogeneously broadened, the broadening being of
the same order of magnitude as the total splitting. This
is due to the fact that, as detected recently [6], the elec-
tric field gradient (EFG) at the impurity site in Fe depends
strongly on the direction of magnetization with respect
to the crystallographic axes. Therefore single crystal hcp
Co as host lattice was supposed to be superior: The EFG
originating from the noncubic lattice symmetry is well de-
fined and, in addition, much larger than the EFG in Fe.
In this case, however, the radioactive nuclei have to be
implanted. With mass-separator implantation there exists
the restriction to nonrefractory elements. If, however, re-
coil implantation after nuclear reactions was possible with
single-crystal hcp Co this restriction should no longer ap-
ply, and the method should be applicable to all elements
of the nuclear chart.
The technique of recoil implantation into hcp Co after
nuclear reactions implies the use of thin Co single crys-
tals in order to keep the amount of contaminant activi-
ties produced in Co small. Starting from a bulk hcp-Co
single crystal available commercially, disks with a di-
ameter of ,10 mm and a thickness of ,0.2 mm were
cut off, the single crystal c axis being oriented par-
allel to the surface. By a sophisticated procedure of
mechanical abrading, chemical polishing steps, and fi-
nally electropolishing, the thickness could be reduced to
,4 mm, with a success rate of ,30%. With such crys-
tals recoil-implantation experiments should be possible.
However, it could not be anticipated a priori whether© 1998 The American Physical Society
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lar hexagonal lattice structure, which is necessary for a
high resolution of the quadrupole interaction.
In this Letter we show that recoil implantation into hcp
Co after a-induced nuclear reactions is possible and that
radiation damage represents no limiting factor.
The quadrupole moments of nuclei in closed-shell re-
gions depend dominantly on single-particle properties; the
polarizing effects of the valence nucleons on the nuclear
core are included through the use of effective charges
eeff. These effective charges may be determined ex-
perimentally from static electric quadrupole moments Q
or via transition BsE2d values. The determination via
BsE2d values is normally less precise as two states are
involved for which a detailed knowledge of the wave
functions is necessary. For the A , 90 region, Ragha-
van et al. [7] measured quadrupole moments of the high-
spin 81 yrast states in 88Zr and 90Zr, which can be
described within the shell model by a relatively pure
jspg9y2d12l81 s90Zrd and jsng9y2d22l81 s88Zrd configura-
tion. The sign of these quadrupole moments were deter-
mined by Bendahan et al. [8]. The result, Qs88Zr; 811 d ­
10.51s3d b and Qs90Zr; 811 d ­ 20.51s3d b indicates that,
within the experimental accuracy, the proton and neutron
effective charge is nearly the same. Shell model calcu-
lations, taking espdeff ­ 12.0 e and e
snd
eff ­ 11.8 e, yielded
10.516 b and 20.504 b for these states [7], respectively;
i.e., the experimental data were well explained. More re-
cently, shell model calculations of the quadrupole mo-
ments of the 811 and 812 states in 40Zr and 42Mo for
44 # N # 50 were published by Weiszflog et al. [9].
Taking espdeff ­ 11.72 e and e
snd
eff ­ 11.44 e, they also
found that near N ­ 50 the quadrupole moments of
the jspg9y2d12l81 and jsng9y2d22l81 states have opposite
sign, but the quadrupole moments of the jsng9y2d22l81
states should be considerably smaller. Thus an experi-
ment would be desirable which is sensitive on the dif-
ference of the proton and neutron effective charge for
A , 90. Here a measurement of the electric quadrupole
moment of 90Nb sIp ­ 81; T1y2 ­ 14.6 hd could serve:
As the principal shell model configuration of this state is
jspg9y2d1sng9y2d21l81 , the proton and neutron-hole con-
tributions to the quadrupole moment nearly cancel. Thus
the quadrupole moment is expected to be very small and
reflects directly the difference of the proton and neutron
effective charges. Measurements of other quadrupole mo-
ments among the Zr and Nb isotopes could be helpful to
constrain the values of the effective charges to use in shell
model calculations.
The 90NbCoshcpd sample was prepared at the cyclotron
in Karlsruhe. A 4-mm Co single crystal with a 1.5 mm
90Zr foil in front of it was irradiated for 10 h with 55 MeV
a particles. In this way 90Nb is produced via the nuclear
reaction 90Zrsa, 4nd90Mo ! 90Nb and a sufficient amount
of A ­ 90 atoms is implanted into Co (implantation depth
,0.2 mm).After the irradiation the sample was cooled to tempera-
tures ,10 mK with a 3He-4He-dilution refrigerator. The
g rays emitted in the decay of 90Nb were detected with
4 Ge detectors placed at 0–, 180–, and 90–, 270– with
respect to the single-crystal c axis. The g anisotropy
e ­ Ws0–dyW s90–d 2 1—here W sq d is the angular dis-
tribution of g rays emitted in the decay of oriented nu-
clei [10]—of the 141, 1129, and 2319 keV g transitions
was analyzed. First a standard NMR on oriented nu-
clei (NMR-ON) experiment was performed; the reso-
nance was found at n ­ 81.87s1d MHz, with a half-width
G ­ 0.52s4d MHz. The ratio nyG ­ 157s12d indicates a
high quality of the hexagonal structure of the sample. No
resonance signal was observed around 71.8 MHz, which
is known to be the magnetic hyperfine interaction fre-
quency of 90Nb in fcc Co [11].
For the determination of the quadrupole interaction,
which is completely invisible in the NMR-ON spectrum,
a MAPON measurement was performed. The principle of
MAPON is described in detail in Refs. [4,5]. MAPON is
a variant of adiabatic fast passage (AFP) in which the rf
frequency is slowly and continuously swept through the
resonance conditions. With AFP on a quadrupole split
system, cyclic permutation of the subresonance population
probabilities am is obtained. A MAPON pulse consists
of a sequence of two AFP pulses which are separated
in frequency by Dn. The influence of the MAPON
pulse on the time evolution of the sublevel populations
is different for Dn . DnQ and Dn , DnQ , where DnQ
is the quadrupole subresonance separation,
DnQ ­ 3nQyf2Is2I 2 1dg , (1)
nQ ­ eQVzzyh . (2)
Here I is the nuclear spin, eQ is the spectroscopic
quadrupole moment, and Vzz is the principal component
of the EFG tensor. (i) For Dn . DnQ the MAPON pulse
causes a distinctive reorganization of sublevel populations
in which a net population transfer of the first two accessed
substate populations is cyclically permuted through to the
final two substates. (ii) For Dn , DnQ the successive
double transits through each subresonance yield a null
result. The different sublevel populations am in these two
cases cause different g anisotropies, and DnQ is obtained
from the transition between the respective g anisotropy
values. The MAPON spectrum of 90NbCoshcpd is shown
in Fig. 1; the results are listed in Table I. We want to
point out that the sign of the quadrupole interaction can be
determined uniquely, either with MAPON or AFP. In both
cases it is obtained immediately from the time dependence
of the postpassage signal.
For the determination of the quadrupole moment from
the measured quadrupole interaction frequency the EFG
has to be known. This can be obtained via MAPON
measurements on an isotope for which the quadrupole
moment is known—there is no such case for Nb—or
can be predicted moderately well in the framework of925
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hcp Co. The solid lines are the results of least-squares fits,
taking into account a Gaussian distribution for the quadrupole
subresonance resonance separation with center at DnQ and
width GDnQ . The MAPON signal is given by the integral of this
distribution, i.e., an error function with the half value at DnQ
and width GDnQ . The different sign of the MAPON signals of
95,96Nb and 95Zr in comparison to 90Nb and 90Zrm is due to
the fact that the g anisotropy of 95,96Nb and 95Zr is positive,
whereas it is negative for 90Nb and 90Zrm .
nuclear-model calculations. In the present case 95Nb and
96Nb were viewed to be suitable as it was supposed
that the quadrupole moments of 95Nb and 96Nb can be926TABLE I. Results of the MAPON measurements. The ratio jDnQjyGDnQ is a measure for
the sharpness of the quadrupole interaction.
Isotope Ip DnQ (kHz) GDnQ (kHz) jDnQ jyGDnQ nQ (MHz)
90Nb 81 26.4s3d 4.0(6) 1.6(3) 20.512s24d
95Nb 9y21 1193.2s5d 6(2) 34(9) 14.637s12d
96Nb 61 150s2d 6(6) 8(8) 12.20s9d
90Zrm 52 1126s2d 16(1) 7.9(5) 13.78s6d
95Zr 5y21 2353s1d 29(5) 12(2) 22.353s7dpredicted more reliably by shell model calculations than
the quadrupole moment of 90Nb.
A 95NbCoshcpd sample was prepared by mass sep-
arator implantation at ISOLDE at CERN. 95Rb was
implanted with E ­ 60 keV into a hcp-Co single
crystal with high surface quality stotal dose , 1012d.
The following decay chain is relevant: 95Rb sT1y2 ­
0.38 sd ! 95Sr sT1y2 ­ 24 sd ! 95Y sT1y2 ­ 10 mind !
95Zr sT1y2 ­ 64.0 dd ! 95Nb sT1y2 ­ 35.0 dd. First a
NMR-ON experiment was performed. The results are
n ­ 179.39s4d MHz and G ­ 0.72s8d MHz. The ratio
nyG ­ 250s28d indicates a slightly higher quality of the
sample in comparison to 90Nb. A MAPON spectrum is
shown in Fig. 1; the results are listed in Table I.
For the preparation of the 96NbCoshcpd sample the
recoil-implantation technique was applied, utilizing the re-
action 96Zrsa, 3npd96Nb sEa ­ 65 MeVd. Here the
NMR-ON resonance was found at nsBext ­ 1 kGd ­
108.42s4d MHz, with a half-width G ­ 0.44s18d MHz.
The ratio nyG ­ 250s100d indicates a similar quality of the
sample in comparison to 90Nb and 95Nb. AMAPON spec-
trum is shown in Fig. 1; the results are listed in Table I.
For Zr, NMR-ON and MAPON measurements
were performed on 90Zrm (Ip ­ 52; T1y2 ­ 0.8 s; con-
figuration jspg9y2d1spp1y2d1l52) and 95Zr sIp ­ 5y21;
T1y2 ­ 64.0 dd. The MAPON spectra are shown in
Fig. 1; the results are listed in Table I.
The quadrupole interaction frequencies are summarized
in Table II, together with theoretical quadrupole moments
calculated within the framework of the nuclear shell
model (column 5). These quadrupole moments were
calculated using a 88Sr core, with protons and neutron
holes in the p1y2 and g9y2 shells. Neutrons for N . 50
were allowed to occupy the d5y2, s1y2, d3y2, and g7y2
shells, with up to two neutrons out of the d5y2 shell.
For 90Nb, the interaction used was the interaction of
Serduke, Lawson, and Gloeckner [14], while for 95Zr,
95Nb, and 96Nb it was the JS6 interaction of Johnstone
and Skouras [15]. The 52 state of 90Zr was assumed to
have a p1y2g9y2 proton configuration. Proton and neutron
effective charges from a recent calculation by Towner
and Johnstone [16], given in Table III, are significantly
different for 88Sr and 90Zr cores, due to the large con-
tributions from p3y2 ! p1y2 and f5y2 ! p1y2 proton
excitations. This was taken into account in the calcula-
tions by using different effective charges for wave function
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quadrupole moments of Nb and Zr isotopes. The sign
of the quadrupole interaction was determined experimentally in
all cases.
Isotope Ip nQ (MHz) Qexpt (b) Qtheor (b)
90Nb 81 20.512s24d 10.046s7da 10.04
93Nb 9y21 20.32s2db 20.38
20.366s18dc
95Nb 9y21 14.637s12d 20.40
96Nb 61 12.20s9d 20.23
90Zrm 52 13.78s6d 20.35
91Zr 5y21 20.206s10dc 20.20
95Zr 5y21 22.353s7d 10.22s2dd 10.23
aDerived with the ratio nQs90NbdynQs95Nbd and taking into
account a 15% uncertainty of the theoretical Qs95Nbd.
bMuonic x-ray spectroscopy, Ref. f12g.
cAtomic beam magnetic resonance, Ref. f13g; no Sternheimer
correction included.
dDerived with the ratio nQs95ZrdynQs90Zrmd and taking into
account a 10% uncertainty of the theoretical Qs90Zrmd.
components with an empty p1y2 shell than for components
with a filled p1y2 shell. The proton p1y2 shell is half
filled in 90Zrs52d and in some components of 90Nbs81d;
for these, an average effective charge was used.
Taking the theoretical quadrupole moment for 95Nb
and assuming a 15% uncertainty—the maximal uncer-
tainty is estimated by comparing the theoretical and
experimental quadrupole moments for 93Nb (see Ta-
ble II)—we can calibrate the EFG of NbCo, with the
result VzzsNbCoshcpdd ­ 20.48s7d 3 1017 Vycm2. With
the experimental ratio nQs90NbdynQs95Nbd ­ 20.110s5d
the quadrupole moment of 90Nb is deduced to be
Qs90Nb; 81d ­ 10.046s7d b .
This small result displays the nearly complete cancellation
between the neutron and proton contributions and agrees
well with the theoretical calculation [16] based on the
effective charges of Table III. A further test of the shell
model can be achieved using a similar analysis among










eff sg9y2 ! g9y2d 1.718 2.115
e
snd
eff sg9y2 ! g9y2d 1.234 1.951
e
snd
eff ss1y2 ! d3y2d 0.774 1.032
e
snd
eff ss1y2 ! d5y2d 0.792 1.079
e
snd
eff sd3y2 ! d3y2d 0.872 1.349
e
snd
eff sd3y2 ! d5y2d 0.925 1.398
e
snd
eff sd3y2 ! g7y2d 0.910 1.196
e
snd
eff sd5y2 ! d5y2d 0.880 1.402
e
snd
eff sd5y2 ! g7y2d 0.927 1.306
e
snd
eff sg7y2 ! g7y2d 1.261 1.917the Zr isotopes. With our measured ratio of frequencies
nQs95ZrdynQs90Zrmd ­ 20.623s10d and a shell model
calculation of Qs90Zrmd, to which we assign a 10%
uncertainty, we derive the result Qs95Zrd ­ 10.22s2d b,
in excellent agreement with theory. The EFG is deduced
to be VzzsZrCoshcpdd ­ 20.45s5d 3 1017 Vycm2.
Summarizing, with MAPON after recoil implantation
into hcp Co we have introduced a new method for the
precise measurement of the quadrupole interaction of ra-
dioactive nuclei, from which precise ratios of quadrupole
moments can be deduced. There are no restrictions to
nonrefractory elements. It has a wide applicability to all
radioactive isotopes which can be produced by a suitable
nuclear reaction.
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